The auxin indole-3-acetic acid (IAA), which is essential for plant growth and development, is suggested to be synthesized via several redundant pathways. In maize (Zea mays), the nitrilase ZmNIT2 is expressed in auxinsynthesizing tissues and efficiently hydrolyses indole-3-acetonitrile to IAA. Zmnit2 transposon insertion mutants were compromised in root growth in young seedlings and sensitivity to indole-3-acetonitrile, and accumulated lower quantities of IAA conjugates in kernels and root tips, suggesting a substantial contribution of ZmNIT2 to total IAA biosynthesis in maize. An additional enzymatic function, turnover of b-cyanoalanine, is acquired when ZmNIT2 forms heteromers with the homologue ZmNIT1. In plants carrying an insertion mutation in either nitrilase gene this activity was strongly reduced. A dual role for ZmNIT2 in auxin biosynthesis and in cyanide detoxification as a heteromer with ZmNIT1 is therefore proposed.
Introduction
The auxin indole-3-acetic acid (IAA) is essential for numerous physiological and developmental processes in plants. While significant progress was made recently in understanding factors controlling auxin action, particularly IAA signalling (Dharmasiri et al., 2005; Kepinski and Leyser, 2005) , the IAA biosynthetic pathways still remain to be resolved. Several pathways leading from tryptophan to IAA have been suggested after incorporation experiments with specific precursors and the identification of enzymatic steps in vitro (Ljung et al., 2002) . Multiple mutants of the YUCCA gene family of Arabidopsis thaliana (Zhao et al., 2001) , for which homologues have also been characterized in rice (Yamamoto et al., 2007) , display an auxin-deficient phenotype. This phenotype is complemented by expression of the bacterial tryptophan monooxygenase IaaM (Cheng et al., 2006) . Alternative pathways via the intermediates indole-3-acetaldoxime (IAOx) and indole-3-acetonitrile (IAN) have been mainly investigated in A. thaliana, a cruciferous plant that synthesizes indole glucosinolates from IAOx (Hull et al., 2000; Mikkelsen et al., 2000; Zhao et al., 2002) and the indolic phytoalexin camalexin via IAOx and IAN (Glawischnig et al., 2004; Nafisi et al., 2007) . As these defence compounds are major sinks for tryptophan in Arabidopsis, putative joint precursor pools of IAA and indole glucosinolates complicate the analysis of IAA biosynthesis in Arabidopsis. The nitrilases AtNIT1, AtNIT2, and AtNIT3 were shown to hydrolyse IAN to IAA Normanly et al., 1997; GrsicRausch et al., 2000; Kutz et al., 2002) . However, their substrate specificities (Vorwerk et al., 2001 ) also indicate an alternative function, such as in glucosinolate degradation. A more distantly related Arabidopsis nitrilase, AtNIT4, did not hydrolyse IAN but metabolizes b-cyanoalanine , an intermediate in cyanide detoxification. This group of b-cyanoalanine hydratases/nitrilases (NIT4 group) has been identified and characterized in different plant families, including the Fabaceae or the Solanaceae Piotrowski and Volmer, 2006) .
Maize (Zea mays) accumulates comparatively high quantities of tryptophan-derived IAA conjugates in the kernel (Epstein et al., 1980; Glawischnig et al., 2000) . IAN was identified as a potential IAA biosynthetic intermediate in seedlings and kernels. Kernel protein extracts also showed IAN hydrolytic activity, which was increasing from the third to the fifth week after pollination (Park et al., 2003) , when most IAA conjugates accumulate. As candidate genes for the conversion of IAN, two genes encoding nitrilases, ZmNIT1 and ZmNIT2, were isolated. While for 18 nitriles tested no specific turnover by ZmNIT1 was observed, ZmNIT2 hydrolyses a number of substrates, including IAN (Park et al., 2003; Mukherjee et al., 2006) , and its IAN turnover is one order of magnitude higher in comparison with AtNIT1, AtNIT2, and AtNIT3 (Vorwerk et al., 2001) . In summary, these data suggest a role for ZmNIT2 in auxin biosynthesis (Park et al., 2003) .
ZmNIT2 bears closer homology to AtNIT4 than to the other three Arabidopsis nitrilases. Nevertheless, b-cyanoalanine is not a substrate for ZmNIT2. Several members of Gramineae were shown to contain two or more genes encoding nitrilases of the NIT4 group. When heterologously expressed, none of these nitrilases, with the exception of ZmNIT2, feature enzymatic activity to known substrates. However, it has recently been shown that the NIT4 homologues of Sorghum bicolor must form heteromeric complexes to gain high activity with b-cyanoalanine (Jenrich et al., 2007) . Individual components of these complexes could be substituted by the corresponding NIT4 orthologues of rice and barley, indicating that the NIT4 heterocomplex formation is conserved within the Poaceae.
In this paper, a dual biological function for maize nitrilases is proposed. ZmNIT2 homomers hydrolyse IAN to IAA, and Zmnit2 knockout mutants accumulate lower quantities of IAA conjugates in the kernels and roots of young seedlings, indicating that an IAN-dependent pathway contributes substantially to auxin biosynthesis in these tissues. In addition, ZmNIT1/ZmNIT2 heteromers are involved in cyanide detoxification via b-cyanoalanine turnover.
Materials and methods
Isolation of genomic nitrilase clones and transposon-insertion mutants A 7.5 kb k-clone, carrying the total ZmNIT2 cDNA sequence, and a 3.0 kb k-clone, carrying exons 3-5 of ZmNIT1, were isolated from a genomic library of the line CI31A and sequenced. The sequences of the first and second intron of ZmNIT1 were determined after PCR amplification (Hi Fidelity, Roche). The genomic sequences were deposited in GenBank: EF396163, ZmNIT1g; EF396164, ZmNIT2g.
No additional non-allelic nitrilase sequences have been identified in the maize genome. The TUSC population of Mu-insertion lines was screened for disruption of the maize nitrilase genes (Mena et al., 1996) ; Heraeus HPS 2000). To determine the effect of IAN on root growth, IAN was added to the germination solution. Coleoptile curvature was analysed by applying IAN or IAA formulated in a lanoline paste (Haga and Iino, 1998) . Adult phenotypes were monitored on greenhouse-grown plants with controlled watering.
Prior to quantitative analysis of the mutant phenotype, homozygous knockout mutants were selfed and backcrossed three times with the inbred line B73. For phenotype analysis of the nitrilase double mutation, backcrossed homozygous single mutants were crossed and the progeny selfed. Individuals homozygous for mutation in one nitrilase gene and heterozygous for insertion in the other were again selfed and their progeny were analysed.
Auxin concentration of insertion mutants
To determine the IAA concentrations in kernels segregating for Mu insertions in ZmNIT1 or ZmNIT2, kernels were allowed to germinate until the primary root emerged. While this emerging root was used to isolate genomic DNA for determination of the genotype by PCR, the kernels were ground in liquid nitrogen for IAA extraction. IAA concentrations in seedlings were determined after dissecting the terminal and second centimetre of roots, as well as coleoptiles from 3-d-old seedlings. The rest of the plant was used for DNA extraction. For IAA determination the tissues were ground in liquid nitrogen and the resulting powder was extracted twice for 2 h in acetone/water (7:3) at 4°C, the acetone was removed by reduced pressure, and 50% of each extract was used to determine free and total IAA, respectively. Free IAA was isolated from the solutions by acidification with formic acid to pH 3 and two extractions with 1 vol. of EtOAc. To isolate ester-linked plus free IAA, the solution was hydrolysed in 1 M NaOH for 16 h at 75°C and acidified to pH 3 with HCl prior to EtOAc extraction. As the amount of amide-linked IAA is very minor in maize (Jensen and Bandurski, 1994) , for simplicity, this preparation is termed 'total IAA'. IAA was quantified by HPLC analysis as described in Park et al. (2003) with additional fluorescence detection (Shimadzu F-10AXL; excitation 285 nm, emission 360 nm).
b-Cyanoalanine turnover by insertion mutants b-Cyanoalanine conversion in wild type and Zmnit1 and Zmnit2 mutants was analysed in extracts (50 mM KP i , pH 8, 2 mM DTT) from kernels and in 4-d-old seedlings. Seedling protein was enriched by (NH 4 ) 2 SO 4 precipitation (40%). Desalted enzyme preparation (NAP column) was incubated for 4 h at 37°C with 2.5 mM b-cyanoalanine. The reaction mixture was assayed by TLC with EtOH/H 2 O/NH 4 OH (28:9:3; v/v/v) as eluent and ninhydrin detection: R f (b-cyanoalanine)¼0.62, R f (aspartate)¼0.24, and R f (asparagine)¼0.43. For determination of enzymatic activity the reaction mixture was derivatized with o-phthaldialdehyde, and aspartate and asparagine were quantified after HPLC analysis, essentially following the method of Hill et al. (1979) , with the modification that the derivatization was buffered in 50 mM Nacarbonate buffer, pH 10.5 containing 0.1% b-mercaptoethanol.
Determination of protein expression B73 wild-type kernels were germinated in the dark for 3 d and then incubated in 100 lM solutions of different supplements, transferred to an illuminated (100 lmol m À2 s À1 ) growth chamber, or wounded by pressing with forceps. After 24 h, total nitrilase protein in the root tissue was determined by western analysis (Park et al., 2003) .
Heterologous expression and characterization of enzymatic activities ZmNIT2 was heterologously expressed under ampicilin selection as described (Park et al., 2003) . ZmNIT1 was expressed in pET28a under kanamycin selection. Both enzymes were purified under native conditions by His-tag affinity purification via Ni-NTA agarose (Qiagen). For heteromerization, the purified nitrilase proteins were mixed in a 1:1 ratio. Alternatively, to confirm enzymatic activity of the heteromer, both plasmids were coexpressed and the His-tagged proteins were purified from bacteria selected on both ampicillin and kanamycin. Size estimation of nitrilase multimers was performed by size exclusion chromatography with a HiLoadÔ16/60 SuperdexÔ200 prep grade column (Amersham) and 100 mM TRIS-HCl, pH 8.0/100 mM KCl as eluent. Nitrilase activity was determined as described (Bolleter et al., 1961; Park et al., 2003) . k cat determinations were based on the molecular weight of monomers for homomers and a ZmNIT1/ZmNIT2 dimer for heteromers.
Directed yeast-two-hybrid
Physical interaction of ZmNIT1 and ZmNIT2 was confirmed by directed yeast two-hybrid analysis (Fields and Song, 1989) according to the supplier's manual (Stratagene). The ZmNIT1 coding sequence was cloned into pAD-GAL4-2.1 (ZmNIT1-pAD) and the ZmNIT2 coding sequence into pBD-GAL4 Cam (ZmNIT2-pBD). The yeast strain YRG-2 was transformed with ZmNIT2-pBD and, after selection on tryptophan-deficient medium, retransformed with ZmNIT1-pAD. Yeast clones carrying both plasmids were selected on minimal medium (-Trp, -Leu, -His). The presence of both plasmids was confirmed after DNA isolation (Hoffman and Winston, 1987) and retransformation into Escherichia coli XL1 blue. Interaction of ZmNIT1 and ZmNIT2 was monitored by b-galactosidase activity.
Results
ZmNIT1/ZmNIT2 heteromers catalyse the hydrolysis of IAN and b-cyanoalanine Two nitrilase genes, ZmNIT1 and ZmNIT2, are encoded in the maize genome and are both expressed in developing kernels and seedlings (Park et al., 2003) . The nitrilase ZmNIT2 was shown to catalyse the hydrolysis of a number of nitriles to the corresponding acids. The auxin precursor indole-3-acetonitrile (IAN) is a preferred substrate of ZmNIT2 that shows a 64-500 times higher catalytic efficiency towards IAN when compared with AtNIT1, AtNIT2, or AtNIT3. By contrast, ZmNIT1 only hydrolysed b-cyanoalanine with a low turnover rate (;0.001 s À1 ; Table 1 ) and no other activity was demonstrated (Park et al., 2003) .
Multimerization is a known feature of nitrilases (O'Reilly and Turner, 2003) . Accordingly, purified recombinant ZmNIT2 subjected to size exclusion chromatography eluted with the void volume, showing that highmolecular-weight multimers are formed (data not shown). Similarly, large complexes were obtained with 1:1 mixtures of purified ZmNIT1 and ZmNIT2. These presumed heteromers acquired a new enzymatic function in addition to the activities of ZmNIT2 homomers. Apart from IAN, b-cyanoalanine was now efficiently hydrolysed. With respect to the ZmNIT1 homomer, a greater than 400-fold increase of the catalytic efficiency for the substrate b-cyanoalanine was observed with a K m value of 0.3 mM (Table 1) . Similar results were obtained when the two proteins were co-expressed in E. coli (data not shown).
A directed yeast two-hybrid experiment was performed to confirm the physical interaction of the two proteins. Yeast clones carrying a ZmNIT2-pBD construct were transformed with a ZmNIT1-activation domain fusion. Of ;100 colonies growing on the selection medium, eight were tested for b-galactosidase activity. Six out of these eight clones stained blue and carried both constructs. These experiments provided independent evidence of the physical interaction of ZmNIT1 and ZmNIT2.
Nitrilases are induced by light and the substrates IAN and b-cyanoalanine Apart from kernel tissues, nitrilase expression was also detected in young roots and coleoptilar tips (Park et al., 2003) . Therefore, modulation of nitrilase protein expression was investigated by western analysis in 3-d-old root tips using antibodies that detect both homologous proteins equally. Nitrilase protein concentration was determined 24 h after the treatment (Fig. 1) . While wounding and the Table 1 . Nitrilase activities of ZmNIT1, ZmNIT2, and ZmNIT1/ ZmNIT2 heteromers with IAN or b-cyanoalanine as a substrate Genomic clones of the maize nitrilases were isolated and their exon-intron structures were determined (Fig. 2) . Both genes contain five exons and conserved exon-intron borders. A striking feature of the ZmNIT2 gene is its large first intron of 4.0 kb, 6.6 times the average and 24 times the median intron size in maize (Haberer et al., 2005) .
To address the function of maize nitrilases in vivo, a population of plants carrying the transposon Mu was screened for insertions in the maize nitrilase genes. Initial candidates were identified by PCR (Mena et al., 1996) . One line for each gene, designated as Zmnit1::Mu and Zmnit2::Mu, carried a transposon insertion in the fourth exon. The insertions were confirmed by sequencing of the PCR products and Southern analysis. Homozygous knockout mutants were identified and backcrossed three times with the wild-type line B73 to minimize the transposon background.
Zmnit2 mutants are less sensitive to IAN B73 wild-type kernels were germinated in the presence of IAN to test whether IAN exhibits auxin activity in maize seedlings and can therefore be considered as an IAA precursor. Root and coleoptile lengths were determined after 5 d. The application of 1 lM IAN resulted in a significant reduction in root length. This inhibition of root growth increased with higher IAN concentrations (Fig. 3A) . By contrast, supplementation of IAN in concentrations up to 1 mM had no effect on coleoptile length. When 1 mM IAA, formulated in lanoline, was applied to coleoptiles a strong curvature was observed within 15 min (Fig. 3B) . No effect was observed when IAN was applied in an identical way. In summary, external application of IAN resulted in auxin effects in roots but not in coleoptiles.
To investigate whether ZmNIT2 is responsible for converting the IAA precursor IAN to IAA in vivo, sensitivity of root growth to IAN was compared between wild-type and Zmnit2::Mu seedlings. While application of 10 lM IAN to wild-type seedlings resulted in an ;25% reduction in root growth, no effect on Zmnit2::Mu plants was observed. IAN at 100 lM inhibited root growth in the mutant but significantly less in comparison with wild-type seedlings (Fig. 4A, B) . Mutation of ZmNIT1 did not significantly influence the auxin effect of IAN (Fig. 4A) .
Morphological phenotype of nitrilase mutants: Zmnit2 knockout mutants are inhibited in root growth A segregating Zmnit2::Mu population was analysed for root length 48, 60, and 96 h after imbibition (Fig. 4C) . Zmnit2 mutants had significantly shorter primary roots. The effect was most dramatic 2 d after imbibition, demonstrating that ZmNIT2 is important for germination and/or root growth in the first 2 d after germination. No segregation of a root length phenotype along with the Zmnit1 mutation was observed (data not shown).
Populations of adult plants segregating for Zmnit1::Mu and Zmnit2::Mu were analysed for plant height, stem thickness, number of leaves, leaf diameter, and number of cobs per plant. No significant segregation of a phenotype with mutation in one of the nitrilase genes was observed (Fig. S1 in Supplementary data available at JXB online).
ZmNIT2 contributes to total IAA biosynthesis in maize kernels and young roots Zmnit2 mutants displayed a root phenotype in germinating seedlings. Therefore, kernels, right at the onset of germination, as well as primary roots and coleoptiles of 3-d-old seedlings were analysed for free and total IAA content. In seedlings segregating for Zmnit1::Mu and Zmnit2::Mu, free IAA concentration was not affected (Fig. 5A) . The total IAA quantity was not influenced by Zmnit1 mutation in seedlings (Fig. 5B) and kernels (Fig.  5C) . By contrast and consistent with the enzymatic function and expression pattern of ZmNIT2, Zmnit2::Mu kernels contained ;35% reduced concentrations of total IAA (Fig. 5D ). Total IAA concentration was also analysed in 3-d-old seedlings segregating for the Zmnit2::Mu allele. In homozygous mutants, within the basal first centimetre of the primary root, where ZmNIT2 protein was localized (Park et al., 2003) , the amount of total IAA was reduced by ;25% (Fig. 5E ). These data demonstrate that ZmNIT2 significantly contributes to the total IAA pool of maize kernels and seedling roots.
To investigate whether a Zmnit1 mutation has an additive effect, populations in which (i) Zmnit1::Mu 
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segregates in the Zmnit2::Mu background and (ii) Zmnit2::Mu segregates in the Zmnit1::Mu background were analysed for total IAA concentration in the kernel (Fig. 5D ). While these data confirm the role of ZmNIT2 in total IAA biosynthesis, no additional contribution of ZmNIT1 was detected.
ZmNIT1 and ZmNIT2 are both essential for b-cyanoalanine hydrolysis For the hydrolysis of b-cyanoalanine in vitro, formation of a ZmNIT1/ZmNIT2 heteromer was essential. Therefore, extracts of both Zmnit1::Mu and Zmnit2::Mu kernels and seedlings were analysed for b-cyanoalanine turnover to investigate whether functional expression of both nitrilases is required for the formation of aspartate and asparagine from b-cyanoalanine (Fig. 6) . Efficient asparagine formation was observed in extracts from wild-type plants, in particular in extracts from seedlings. This activity was reduced to ;10% when the reaction was performed with protein extracts from Zmnit2::Mu and was absent in reactions preformed with Zmnit1::Mu or the double mutant. This demonstrated that functionality of both genes is required for an efficient b-cyanoalanine turnover.
Discussion
There are several lines of evidence for the importance of the nitrilase ZmNIT2 in auxin biosynthesis in maize. (i) ZmNIT2 is expressed in tissues with auxin-synthesizing activity (Jensen and Bandurski, 1994) , such as kernels and primary root tips, and hydrolyses IAN to IAA in vitro (Park et al., 2003) . (ii) Seedlings and kernels contain the intermediate IAN, as well as IAN-hydrolysing activity (Park et al., 2003) . (iii) Most remarkably, Zmnit2 knockout mutants accumulate significantly fewer IAA conjugates in kernels and primary root tips (Fig. 5D, E) where nitrilase protein and the substrate IAN are present. The biosynthetic origin of the substrate IAN is not known. In A. thaliana, during camalexin induction IAN is synthesized from tryptophan via two cytochrome P450-dependent steps (Glawischnig et al., 2004; Nafisi et al., 2007) . Whether a similar pathway is active in maize remains to be investigated. The levels of free, active IAA are robustly controlled, reflecting a number of regulatory mechanisms and a high degree of redundancy in IAA biosynthetic enzymes (Ljung et al., 2002; Woodward and Bartel, 2005; Kriechbaumer et al., 2006) . Important mechanisms controlling IAA homeostasis are formation and hydrolysis of IAA conjugates that normally exceed the active free IAA. These general features of IAA metabolism explain that, despite a reduction in total IAA, the Zmnit2 mutation did not affect the concentration of free auxin in a macroscopic sense. It is likely that reduced IAA synthesis is counterbalanced by inhibition of conjugate formation from IAA, synthesized by alternative pathways, or enhanced IAAconjugate hydrolysis.
At the onset of germination, expression of nitrilase protein is high and then rapidly declines (Park et al., 2003) . Accordingly, Zmnit2 mutants displayed reduced root growth directly after germination. Low concentrations of IAA stimulate growth of maize roots (Pilet and Saugy, 1987) . In particular, cells of the maize seedling root designated as the 'distal elongation zone' were shown to be growth stimulated by IAA concentrations in the nanomolar range (Ishikawa and Evans, 1993) . Possibly, ZmNIT2 provides these low physiological IAA concentrations after germination, and loss of this function cannot be complemented by enhanced IAA-conjugate hydrolysis in primary root directly after germination. A recovery of root growth in Zmnit2 mutants was recorded after 2 d, consistent with the observed unaffected free IAA concentrations.
By contrast, IAA concentrations in the micromolar range inhibit growth of primary roots (Pilet and Saugy, 1987) . External application of the IAA precursor IAN resulted in similar effects in wild-type but not in Zmnit2::Mu seedlings, indicating that this auxin effect of IAN is due to hydrolysis to IAA by ZmNIT2. Despite active expression of ZmNIT2 in this tissue, no effect of applied IAN on coleoptiles was observed. It is possible that, in this tissue, IAN is not efficiently taken up and therefore does not reach the active site of ZmNIT2.
Nitrilase protein expression in roots was induced by the substrates IAN and b-cyanoalanine. By contrast to the transcript levels (Park et al., 2003) , induction of protein accumulation by light was also observed. Light is regularly described as antagonist of both auxin and ethylene accumulation (Vandenbussche et al., 2003; Nishimura et al., 2006) . Therefore, induction of maize nitrilase by light was unexpected and the role of this regulation remains to be investigated. Nitrilase protein concentration was greatly reduced in response to wounding, possibly following similar mechanisms involved in wound regulation of the Arabidopsis nitrilase AtNIT1. AtNIT1 transcription was repressed in response to wounding (Cheong et al., 2002) and AtNIT1 protein showed fast aggregation in wounded cells (Cuttler and Somerville, 2005) . While nitrilases from Arabidopsis and Brassica have been shown to be jasmonate inducible (Grsic et al., 1999; Bennett et al., 2005) , in the present study repression of nitrilase protein expression was observed. Jasmonate is a known antagonist of auxin-induced growth (Irving et al., 1999) . It may be the case that jasmonate interferes with IAA biosynthesis by repressing nitrilase expression in maize seedling roots.
In other grasses, such as sorghum and rice, no enzymatic activities were detected for homomers of known nitrilases, which are all members of the AtNIT4 group. However, nitrilase heteromers, composed of ZmNIT1 and ZmNIT2 homologues, hydrolysed b-cyanoalanine (Jenrich et al., 2007) which is discussed as an intermediate in cyanide detoxification. Similarly, ZmNIT1 and TLC analysis of the b-cyanoalanine turnover in seedling extracts (WT, wild type; Zmnit1, Zmnit1::Mu; Zmnit2, Zmnit2::Mu). Quantitative conversion was observed in wild type; some product formation also in Zmnit2 mutants.
ZmNIT2 form high-molecular-weight heteromeric complexes with b-cyanoalanine nitrilase activity. The IANhydrolysing activity of ZmNIT2 homomers is a specific feature of ZmNIT2 and is not described for other members of the AtNIT4 group. Interestingly, broadening of the substrate spectrum in response to aggregate formation was also observed for a nitrilase from Rhodococcus rhodochrous (Nagasawa et al., 2000) . The data observed for maize nitrilases open up the possibility that shifting substrate recognition from IAN to b-cyanoalanine in addition is part of a regulatory mechanism linking IAA biosynthesis and the degradation of cyanide, produced as a by-product of ethylene synthesis. In conclusion, a dual function for ZmNIT2 in both auxin biosynthesis and cyanide detoxification is proposed. Figure S1 . Comparison of wild-type (black bars: n¼19), Zmnit1::Mu (dark gray bars: n¼17), and Zmnit2::Mu (light gray bars: n¼20) mutant plants in A) total plant height 4, 6, and 8 weeks after germination (wag), B) stem thickness and leave diameter of the 5 th leave 4 wag and C) the number of leaves 4 wag and cobs at the adult stage.
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